MeThODs The GPF was studied in 100 dried, adult, unsexed skulls from the state of Maharashtra in western India.
INTRODUCTION
The maxillary division of the trigeminal nerve is wholly sensory and leaves the skull via the foramen rotundum, which opens directly into the posterior wall of the pterygopalatine fossa (PPF).
The three main branches of the maxillary nerve, as it crosses the upper part of the fossa, are the anterior (formerly the greater) palatine nerve, the zygomatic nerve and the infraorbital nerve. (1) The sensory supply of the palate is exclusively via the maxillary nerve. The principal branch that supplies the palate is the anterior palatine nerve, which descends through the greater palatine canal (GPC), emerges on the hard palate at the greater palatine foramen (GPF) and runs forward in a groove almost up to the incisor teeth where it communicates with the terminal filaments of the nasopalatine nerve. This latter nerve, which is also a branch of the maxillary nerve, enters the palate at the incisive foramen and supplies the anterior part of the hard palate behind the incisor teeth. (2) The boundary between the areas innervated by the two nerves corresponds roughly to a line drawn between the maxillary canines, although the two areas are not as sharply delineated as such an imaginary line might suggest. (3) By severing the nasopalatine nerve, Langford showed that the anterior palatine nerve may play a larger role in the innervation of the anterior palate than had previously been thought. (4) The middle and posterior (lesser) palatine nerves diverge from the GPC and emerge through the lesser palatine foramina (LPF) to supply the uvula, tonsil and soft palate. (2) Blocking sensation of the maxillary nerve in the PPF achieves anaesthesia of the maxillary teeth, the maxillary palatal and gingival tissue, as well as the skin of the midface, nasal cavity and sinus. (5) Such a maxillary block would be necessary prior to various surgical procedures in this region, in patients with maxillary trauma, and for the diagnosis and treatment of chronic oral and maxillofacial pain syndromes. (6) Furthermore, as a simple infiltration into the buccal sulcus, adjacent to the tooth to be worked on, may be contraindicated in patients with an infection in the region, dentists may also need to resort to maxillary nerve blocks.
There are two intraoral approaches to the maxillary nerve -the high tuberosity approach and the GPC approach. In the former, the needle inserted into the buccal sulcus is directed superiorly, medially and posteriorly along the infratemporal surface of the maxilla to enter the PPF. Complications of this approach include a lack of profound anaesthesia and a relatively high risk of haematoma due to the proximity of the pterygoid venous plexus. (1) In the GPC approach, the needle is inserted through the GPF and advanced till it reaches the inferior part
Greater palatine foramen -key to successful hemimaxillary anaesthesia: a morphometric study and report of a rare aberration INTRODUCTION Accurate localisation of the greater palatine foramen (GPF) is imperative while negotiating the greater palatine canal for blocking the maxillary nerve within the pterygopalatine fossa. The aim of this study was to define the position of the foramen relative to readily identifiable intraoral reference points in order to help clinicians judge the position of the GPF in a consistently reliable manner.
of the PPF, where the anaesthetic is deposited. (5) This method of obtaining a maxillary block has a high success rate (~ 95%) with minimal risk. (7) A further advantage of this approach is the fact that the needle traverses the shortest route of any technique to block the maxillary nerve. (6) However, apart from being contraindicated in patients with an infection or inflammation in the region of the GPF, there are certain anatomical constraints that need be considered while adopting the GPC approach. This includes the difficulty in locating the GPF, as it is covered by the palatal mucosa. Though rare, an anterolaterally directed GPF -as seen in 38.7% of Nigerian skulls (8) -would be difficult to negotiate. Likewise, tortuosity of the canal, as observed in 5% of the population studied by
Hawkins and Isen, (1) as well as a relatively horizontal course of the canal with respect to the palatal anatomy, as noted in 18%
of skulls studied by Westmoreland and Blanton, (9) would both impede the passage of the needle.
The purpose of this study was to define the position of the GPF in relation to certain fixed intraoral anatomical reference points, all of which would either be visible or palpable in the living patient. This would aid clinicians in locating the foramen in a consistently reliable manner. The observations made in the present study were compared with those of earlier studies on skulls belonging to either the same or different races. Ethnicity as a cause of variation is also discussed.
MeThODs
The study was conducted on a convenience sample of 100 dried, adult, unsexed Indian skulls from the state of Maharashtra in western India. The skulls, obtained from the museums of the medical and dental colleges in Pune, were all in good condition and free from any obvious pathology. Of the skulls studied, 17
were edentulous. Among the remaining skulls, 13 right-sided and 12 left-sided third maxillary molars had not erupted. The adult status of these latter skulls was established on the basis of the fused basiocciput and basisphenoid, as seen on the cranial base.
Fixed intraoral reference points were identified and the distances of the GPF from these points were noted ( Fig. 1 Photogr aph shows the f ixe d intr aor al anatomic al reference p o int s fo r c a l c ulat ing t h e ir dis t a n c e s fro m t h e g re ate r p a lat in e foramen. G P F: g re ate r p a lat in e fo r a m e n ; I F: in c isi ve fo s s a ; P H : pte r ygoi d h a m ul u s; a : mi dlin e m a x illa r y s utur e ; b : p e r p e n di c ula r dis t a n c e from G PF to midline ma xillar y suture; c: distance from G PF to I F; d: distance from G PF to PH ; e: distance from G PF to the posterior palatal border (point of ma ximum concavit y) All linear measurements were recorded in millimetres and a comparison between all right and left measurements was done using the paired t-test. The differences between the groups were considered significant if p < 0.05.
ResUlTs
The GPF was bilaterally absent in one of the 100 skulls studied.
Therefore, the distances of the GPF from the selected intraoral reference points were measured using a vernier calliper for 99 of the 100 skulls studied (excluding the skull where the GPF was absent). The measurements of the GPF in relation to the selected intraoral reference points are presented in Table II Of the 99 skulls in which the GPF was present, 17 were edentulous. Among the remaining 82 skulls, the third maxillary molar had not erupted in 12 skulls bilaterally and in one skull unilaterally (on the right side). Thus, for 34 foramina in these skulls, its relationship with the molars could not be defined.
For 25 foramina related to dentulous maxillae where only the corresponding third maxillary molar was absent, the GPF was seen to be distal to the second molar in 84% of the foramina examined and opposite the posterior half of the second molar in the remaining 16% of foramina. Of the remaining 139 foramina associated with a complete complement of maxillary teeth, the GPF was most frequently seen to be opposite (73.38%) or distal (17.99%) to the third molar. Only in 8.63% of cases were the foramina opposite the second molar (Table III) . Table IV shows the intraoral direction of the GPF, which was most often noted to be either anteromedial (49.49%) or vertically inferior (44.95%). An anterolateral direction of the foramen was seldom seen (3.54%).
A lingular bony projection on the posterior edge of the GPF was observed in 27.77% of the foramina studied, while the canal was patent to a 26-gauge needle in 95.96% of foramina (Table V) .
Although the anteroposterior (greatest) dimensions of the GPF were found to vary over a very wide range of values in our study, the difference between the two sides of a skull was not significant (p = 0.266, Table II ). The mean number of LPF observed was 1.39 and 1.43 for the right and left sides, respectively (ranging from 0 to a maximum of 5). In 54% of the 100 skulls In one skull, there were multiple anomalies including complete bilateral absence of the GPF and LPF (Fig. 2) . Shallow sulci along the lateral edges of the hard palate, as are normally produced by the greater palatine neurovascular bundle, were present in this skull. There was also fusion of the pterygoid plates with the body of the maxilla bilaterally, resulting in closure of both the pterygomaxillary fissures (Fig. 3) . However, communication between the PPF and infratemporal region was possible through the inferior orbital fissure. There was bilateral absence of both the vomerovaginal and palatovaginal canals (Fig. 2) . Interestingly, this skull had other anomalies as well, including bilateral absence of the carotid canals. The two foramen lacerum were impressively circular and smooth edged.
DIsCUssION
The greater palatine neurovascular bundle gains an intraoral entry through the GPF, which thus merits caution during any palatal surgery. Excessive resistance while trying to negotiate the GPC could well be a consequence of the inability of the clinician to accurately locate the GPF. On the other hand, a common error observed while attempting the GPC approach to the maxillary nerve is the needle stepping off the posterior aspect of the hard palate, in which case, the anaesthetic would be deposited in the nasopharynx. (10) Clinicians should suspect the latter if there is a complete lack of resistance to the advancing needle. It is thus imperative that the position of the foramen be defined relative to intraoral reference points, which are readily identifiable in a living patient.
In our study, the mean distance of the GPF from the midline maxillary suture fell well within previously established averages (Table VI) . (6, (8) (9) (10) (11) (12) (13) (14) The mean value for this measurement in the present study was in agreement with those of earlier studies on Indian skulls. (8, 11) The authors are therefore of the opinion that globally, the foramen might be consistently located 14-15 mm from the mid-palatine raphe.
However, the mean distance of the GPF from the posterior palatal border was highly variable in our study (Table VI) . While
Westmoreland and Blanton (9) documented an average distance (8) (Table VI) . According to Hawkins and Isen, however, the foramen could be located about 7 mm anterior to the posterior palatal border (range 1.8-12 mm).
(1) Given the disparity in the reported values of this parameter among various studies (Table VI) , the authors inferred that no conclusive figure could be advocated for this distance. In Indian skulls, nevertheless, the foramen would most likely lie 3-4 mm anterior to the posterior palatal border.
The pterygoid hamulus bears a consistent relationship to the GPF in the sagittal plane. Hawkins and Isen have described the location of the foramen to be along an imaginary line from this process to the ipsilateral cingulum of the lateral incisor.
(1) In our study, the mean distance between the foramen and the tip of the hamulus (11.78 mm) was comparable to the findings of Malamed and Trieger (12 mm). (10) Therefore, the authors maintain that it is possible to gainfully employ the palpable hamulus for accurate location of the foramen.
All studies, except that by Wang et al, (12) have consistently found that the GPF is most frequently opposite the third molar (Table VII) , (6, 8, (10) (11) (12) (14) (15) (16) which would thus seem to be a reliable landmark when attempting to locate the foramen. Nevertheless, there are some differences seen among the various studies. It is interesting to note that in the transethnic study conducted by
Malamed and Treiger, nearly 40% of the foramina were found opposite the second molar as opposed to other studies that only documented very low values for such a position of the GPF. (10) Inconsistency is evident even among various Indian studies. We found the foramen to be distal to the third molar in 17.99% of the skulls studied. This incidence is far higher than the findings of Ajmani (in his study of Indian skulls), (8) Saralaya and Nayak, (11) and Sujatha et al. (15) Klosek and Rungruang studied the topography of the palate with special reference to obtaining free gingival and connective tissue grafts from this area in order to correct alveolar/gingival mucosal deformities. (13) To estimate the possible length of the graft, the linear measurement of the alveolar process of the maxilla, along which the greater palatine artery runs, needs to be assessed, and this can be used to estimate the distance of the GPF from the incisive fossa. In our study, the mean value for this measurement was 35.5 mm, which is comparable to previous reports by Saralaya and Nayak (37.3 mm), (11) Klosek and Rungruang (34 mm), (13) and Chrcanovic and Custódio (right side 36.2 mm, left side 36.5 mm). (14) Various researchers have studied the direction of the GPF as it opens onto the palate, and the results documented have varied widely. In the present study, the percentage of skulls with the foramen opening vertically inferior and anteromedially were 44.95% and 49.49%, respectively. Ajmani's study on Indian skulls found 91.4% of the foramina to be directed anteromedially, (8) while the majority of foramina (82%) studied by Westmoreland and
Blanton were directed vertically inferior. (9) Again, we found only 2.02% of the foramina to be directed anteriorly, a figure that is much lower than that documented by Chrcanovic and Custódio (69.38%), (14) and Wang et al (90.5%). (12) The occurrence of an anterolaterally directed foramen is of clinical significance, as it is difficult to negotiate such a foramen with a needle. An anterolaterally directed foramen was seen in only 3.54% of the skulls in our study, although its incidence in a study of Nigerian skulls by Ajmani was significant at 38.7%.
The number of LPF ranged between 0 and 5 in the present study, with an average of 1.39 and 1.43 on the right and left sides, respectively. The corresponding findings of Saralaya and Nayak were slightly higher at 1.8 and 1.9, respectively. (11) In our study, the LPF was bilaterally absent in two skulls and unilaterally absent in 12 skulls (right side n = 5; left side n = 7). Such absence has previously been reported, but with far lower frequencySaralaya and Nayak found the foramen to be absent in two skulls unilaterally on the left side. (11) A bony lingular projection along the posterior edge of the GPF may be present and would provide a barrier of sorts to the advancing needle as it approaches the GPC to pass into the canal.
This would reduce the clinical hazards associated with such injections. Such an anatomic feature has been variably seen in 16%, (9) 24.6%, (8) 27.7% (present study), 34.5% (17) and 35.3% (8) of the skulls studied by various authors.
The patency of the GPC may decrease with age. (8) Hawkins
and Isen stated that the difficulty in negotiating the canal may be due to its tortuosity, as seen in 5% of the population, or due to bony exostosis on the anterior pterygoid plate that comprises the posterior border of the canal.
(1) Patency of the GPC was high in our study (95.96% were patent to a 26-gauge needle) as well as in the study by Malamed and Trieger (97.55% were patent to a 25-gauge needle). (10) Therefore, it should not pose as a threat to the clinician or be a possible reason for the inability to negotiate the canal.
When using the GPC approach for a maxillary nerve block, it is important to have knowledge of the length of the canal.
While unusually long canals could lead to a lack of anaesthesia, short canals could be hazardous due to over-penetration, which might result in an intraorbital or intracranial injection. The distance from the IOF to the alveolar crest between the maxillary bicuspids corresponds well with the length of the canal. (1, 10) For patients in whom a subjective assessment reveals an unusually long or short face, this distance can be measured and the value used to gauge the depth of the canal and the extent of needle penetration that could be safely allowed. The mean value of this measurement found in our study was 29. Progressive stenosis and subsequent obliteration of the cranial foramina have been reported in craniodiaphyseal dysplasia, which is a rare, severe and progressive bone disorder. It is characterised by the creation of abnormally dense and overgrown bones, resulting in thickening, distortion and enlargement of the cranium and face. (19, 20) The skull and mandible of patients suffering from this syndrome show impressive thickening. The entire skull has a roughened surface covered with flat excrescences or exostoses, and the sutures are obliterated due to new bone formation. (20) Keeping in mind the obvious characteristics of such skulls, it was evident that the anomalous skull noted in the present study does not fit into the category of this syndrome. Moreover, apart from the bilateral absence of the GPF, the only other major foramina found to be absent were those for the carotid canals.
The remaining foramina were completely normal in terms of their presence, shape and dimension. Since the skull was an adult one (indicated by the presence of erupted third molars), it was inconceivable that any pathological process of sclerosing bone dysplasia, beginning in the early years of life, would be allowed to progress to such an extent as to completely eradicate the carotid canals without causing fatality long before such a state was reached. The foraminal aberrations noted in this skull were thus, in all probability, not a consequence of a postnatal progressive pathology, but more likely a manifestation of an intrauterine maldevelopment process affecting the skull base, which continued to be present in the perinatal period. Judging by the age of the skull, the anomalies were compatible with life.
Abnormalities in the palatal foramen and vessel distribution have been noted in several anatomic dissections of patients with
Treacher Collins syndrome. (21) (22) (23) McKenzie and Craig, for instance, found that the maxillary artery terminated prior to reaching the pterygomaxillary fissure after it had supplied the inferior alveolar, posterior superior alveolar and middle meningeal arteries. (21) The palatal supply in this case was by the posterior superior alveolar vessels and the infraorbital artery, which is a branch of the ophthalmic artery. Herring et al, who dissected the cadaver of a seven-year-old boy diagnosed with Treacher Collins syndrome, (23) found that the IOF was absent and the infraorbital neurovascular bundle was distributed instead to the palate. They also found that the sphenopalatine artery entered the palate via a foramen near the pterygoid hamulus and an anomalous vessel representing the greater palatine artery entered the hard palate through a foramen 9 mm anterior to the GPF. anomaly when performing maxillary blocks.
In conclusion, we propose that the maxillary molars, pterygoid hamulus and the midline maxillary suture are oral landmarks that may be employed for accurately plotting the GPF.
The foramen may be found most frequently palatal to the third maxillary molar, and in cases where this tooth has not erupted, it may be expected to be distal to the second molar. 
